The basis for assessing the stability of geosystems to changes in external heat cycle conditions is the calculation method. It is shown that permafrost soils are characterized by increased values of annual heat cycle Q Y ≥ 300 MJ/m 2 , i.e., half-sum of heat arrival and flow rate per year. This is due to the high heat consumption for melting soils (Q Ph = 0.7-0.8 Q Y ) and warming them in the negative temperature range (Q F ). The heat cycle in frozen soil (Q F ) always has more heat cycle than in the thawed soil (Q H ). The condition Q F > Q H means the dominance of processes occurring at negative temperature, and the difference Q F − Q H is a quantitative assessment of the energy stability of soils to changes in heat exchange conditions on the surface.
Introduction
From the analysis of numerous definitions [1] , the energy stability of permafrost soils should be understood as their ability to withstand global temperature rise, structural organization, and system connections within the limits sufficient to perform basic functions. M.D. Grodzinsky distinguishes three forms of the manifestation of stability: inertness (i.e., the property of geosystems not to leave an initial state); recoverability (i.e., the property to return to an initial state); and plasticity (i.e., the property to pass from one invariant state to another) [2] . Practically speaking, the same properties studied by V. Skopec, etc., are called persistence, resistance, and resilience [3] .
The Following Aspects are Relevant 1. Permafrost is characterized by diverse geo-ecological features. Summarizing modern ideas, L.S. Garagulya and G.I. Gordeeva [4] developed a scheme of zoning the permafrost zone. Permafrost covers up to 25% of the land area. This is a testament to the global importance of permafrost soils. In one quarter of the territory of the European part of Russia and in two thirds of its Asian part, the influence of permafrost is estimated as strong or moderate. This means that in the Northern hemisphere, the territory of Russia permafrost plays a global role.
2. Climate warming causes degradation of permafrost and development of adverse processes. The increase of the human loads also leads to degradation of permafrost.
3. With increased thawing, permafrost is associated with such a phenomenon as the emission of carbon dioxide. The process of soil and landscape mercurization may also be activated, as the frozen state contains huge reserves of mercury [5] .
4. Due to the complexity of natural systems, qualitative approaches are most often used to assess their resistance to external influences. It is of interest to link the environmental sustainability of geosystems with the power of the seasonally thawing layer. The thermophysical basis of this is that the thawing depth integrally reflects the mode of moisture and heat exchange [6] . Deeper seasonal thawing means a more stable state of permafrost. It is important that this increases the capacity to dispose of pollutants [7] .
The general goal is to estimate the thermal and energy stability of permafrost soils by quantitative methods when surface conditions change.
The objectives of this paper are as follows: (1) develop methods for calculating heat cycle in soils; (2) obtain the quantitative parameters of heat cycle; (3) determine the thermal stability of soils; (4) group soils into categories of stability.
Materials and Methods
The quantitative principle is based on the calculation of the coefficient of relative thermal stability. It is the ratio of the amount of heat required to raise the temperature of frozen rocks from 0 • C to the annual heat cycle [8] . Another method is based on the assessment of temperature and "cold reserve" in underlying permafrost [9] . The lower the temperature and "cold reserve" in rocks, the more stable soil is under external influences.
The assessment method of the thermal energy stability of soils was developed by us as a result of the generalization of long-term research in Central and Northern Asia. It is important to emphasize that the method uses mass soil-hydrothermal information, including information obtained by a network of weather stations. The calculated data are supplemented with the instrumental values of heat flows obtained by different authors [10] [11] [12] .
As is known, the annual heat cycle (Q Y ) is a half-sum of the arrival and consumption of heat for the year [13] . It is composed of three elementary heat cycles: Q F -heat cycle to increase the temperature of the frozen soil from the winter minimum to 0 • C; Q Ph -heat cycle to thaw the soil, i.e., the phase transitions of water; Q H -heat cycle to increase the melt temperature of the soil from 0 • C to a maximum in the summer [7] .
The following formulas are used:
where C S , C W, and C 1 are the specific heat capacities of soils, water, and ice, respectively (tabulated, e.g., [9] ); W S , WNF, and W I are the soil moisture content of non-freezing moisture and ice content (in % by weight); γ s is the density of the skeleton of the soil (kg/m 3 ); ∆t is the temperature difference between the frozen soil from the winter minimum up to 0 • C to melt the soil from 0 • C to a summer maximum; 335 is the specific heat of fusion of ice (kJ/kg); h is the depth for thawing soil (m).
Results and Discussion
To get a more complete picture of the approach, it would be appropriate to briefly consider the features of heat cycles in geosystems with unviolated heat exchange conditions. Parameters in Table 1 were obtained from our experimental data as a result of hydrothermal calculations. The studied soils at the base that remained frozen all year round had a negative average temperature of −2.0-2.5 • C, and the soils at the base that remained thawed all year round had a positive average temperature of 1.3-1.5 • C. In permafrost geosystems, the annual heat cycle is generally higher than in seasonal permafrost, which is caused by large heat consumption for soil thawing. The heat cycle of Q Ph is usually more than 50% Q Y . The "cold reserve" quantified by the sum of Q F + Q Ph reaches 80-90%, and when seasonally frozen, does not reach more than 60% of the value of Q Y . Elementary heat Q H is associated with the bioproductivity of geosystems in permafrost areas, and its value does not exceed 20% Q Y .
The most optimal method is the direct determination of the annual heat cycle by means of heat meters. However, such studies are few, as indicated by M.K. Gavrilova [11] . The least squares method is used to obtain the regression equation for the calculation of annual heat cycle:
The choice of Q Ph as an independent variable is explained both by the fact that it is easily determined (see the formula above) and by the fact that the humidity, density, and power of the seasonal soil layer are widely represented in the literature. The obtained model has a sufficient level of reliability, as indicated by the level of reliability (P) of the pair correlation (r). By the coefficient determination r 2 = 0.42, it can be judged that this model adequately reflects 42% of the variance of the dependent variable. Verification shows that the validity of the forecast calculation is 86% with an error of 14%.
For permafrost regions, the dominance of negative temperatures over positive ones in the annual cycle is characteristic [13, 14] . This is explained by the fact that during the summer thawing of the active layer, the forming phase boundary shields the underlying permafrost layers from the thermal impulses of the atmosphere, and only in the cold season (after the closure of the seasonal thawing layer with permafrost and the formation of a continuous cryolithozone) is there interaction with the entire layer of annual heat.
In the framework of the approach, this thermophysical phenomenon received a strict mathematical expression that can be used as the basis of thermal soil melioration, and in the context of this topic, served as the basis for the proposed assessment. Thus, in stable permafrost geosystems, the condition Q F > Q H is always observed, which also indicates that the depth of potential freezing is greater than the depth of actual thawing, i.e., the energy supply of potential freezing can be determined by the difference Q F −Q H . This means that the difference is determined by how much heat energy expenditure is required in order to equalize these depths or to increase the average annual soil temperature to 0 • C and cause degradation of permafrost. It follows that this thermal energy difference is an important indicator of the stability of the geocryological situation.
The calculations show that the extreme values of the relative Q F /Q H index proposed for assessing the stability of permafrost geosystems vary widely (Table 2) . The lower extremum and the values close to it correspond, as a rule, to sands and sandy loam; at a higher content of fine fractions, it corresponds to soils of plakor positions. The upper extremum is typical for the blocked loams, marsh soils in depressions, and soils under closed forests with sufficiently powerful heat-insulating covers on the surface. The difference between the modal value and the arithmetic mean shows that the distribution curve Q F /Q H has a positive asymmetry, which indicates a weak knowledge of soils in the range of reduced values of the ratio Q F /Q H .
Statistical parameters are used to scale the stability estimates of geosystems. As a quantum of variability, the value of sigma-standard deviation is accepted, thus the scale is called sigmal. The number of classes is determined by the well-known Sturgess formula [15] . The result is a scale that includes four classes of state (Table 3) . The destructive processes occur in self-sustaining mode. The soil cover is completely destroyed, and the material is subjected to redeposition and formed bijarani.
Testing of the proposed scale shows that sustainable soils are characterized by indigenous and imaginary permafrost-taiga geosystems. Thus, the greatest difference in Q F -Q H , reaching 25-40 MJ/m 2 , is observed in Cryosols. It is in these soils that the gap between the depth of potential freezing and actual thawing is greatest, which implies high soil stability in the natural state and the need for intense energy impact to disrupt the established thermal equilibrium. As resilient assessed swamp geosystems, the drained options were plastically stable. In the permafrost meadow-chernozem steppes, the thermal energy difference does not exceed 10 MJ/m 2 , i.e., the natural margin of safety of the permafrost environment is small here. It is interesting to note that in similar geosystems of Central Yakutia, the difference in Q F −Q H reaches 16 MJ/m 2 . This is evidence of both the increasing severity of the soil climate and the increased energy resistance of soils to changes in surface conditions. These geosystems are too resilient. Tracts of high bottom-lands are plastically stable, but under cultivation options, tracts of low floodplains have a lower resistance.
When cutting forests, the first target of conversion changes is forest litter. According to our data, the maximum temperature jump in the moss-peat layer under the indigenous high-closed larch forest is observed in May and is 14 • C in the natural bedding [16] . By autumn, the temperature on the surface of the cover and below it is leveled. In the winter, there is an inversion of the sign of the temperature jump, i.e., there is a natural seasonal change of the cooling effect to the warming one. At the latitudes of Transbaikalia, the general thermophysical effect of organogenic ground covers is cooling. This is evidenced by the calculations of their thermal resistance, which in the thawed state (R H ) is equal to 0.12-0.30 and in the frozen (R F ) state is only 0.03-0.05 (m 2 K)/W, i.e., the ratio of R F /R H < 1, which is also true for other permafrost regions. However, in high latitudes, the overall effect of organogenic covers becomes warming [14] .
When the forest is reduced and there is destruction of the organogenic cover, the soil experiences heat stroke. According to A. Pavlov [8, 12] the latitudes of Transbaikalia, the general thermophysical effect of organogenic ground covers is cooling. This is evidenced by the calculations of their thermal resistance, which in the thawed state (RH) is equal to 0.12-0.30 and in the frozen (RF) state is only 0.03-0.05 (m 2 K)/W, i.e., the ratio of RF/RH < 1, which is also true for other permafrost regions. However, in high latitudes, the overall effect of organogenic covers becomes warming [14] . When the forest is reduced and there is destruction of the organogenic cover, the soil experiences heat stroke. According to A. Pavlov [8, 12] Changes of conditions are accompanied by an increase in the depth of heat cycles. Thus, the daily temperature wave in the bare soil penetrates to a depth of 0.5-0.6 m, which is 0.1-0.2 m more than in the soil under the forest. Also, the power of the layer of annual heat cycles changes, as evidenced by the increase in the average depth of soil thawing by 0.3-0.7 m in the cutting areas. It is interesting to note the fact that the reduction of forests and changes in soil climate are extended by about 10-15 days of soil stay in the thawed state, therefore slightly improving conditions for excavation.
Based on the Fourier law [17] , it is possible to determine the change in penetration depth and multi-year temperature fluctuations at the change of external conditions of heat exchange by the known formula: Changes of conditions are accompanied by an increase in the depth of heat cycles. Thus, the daily temperature wave in the bare soil penetrates to a depth of 0.5-0.6 m, which is 0.1-0.2 m more than in the soil under the forest. Also, the power of the layer of annual heat cycles changes, as evidenced by the increase in the average depth of soil thawing by 0.3-0.7 m in the cutting areas. It is interesting to note the fact that the reduction of forests and changes in soil climate are extended by about 10-15 days of soil stay in the thawed state, therefore slightly improving conditions for excavation.
Based on the Fourier law [17] , it is possible to determine the change in penetration depth and multi-year temperature fluctuations at the change of external conditions of heat exchange by the known formula:
where α is thermal diffusivity (~0.005 m 2 /h), and τ is time elapsed after changes. It was found that in 10, 20, and 50 years after deforestation and destruction of ground cover, temperature changes penetrate to a depth of 70, 100, and 160 m, respectively.
Conclusions
The lack of instrumental information for assessing the stability of soils to external changes at this stage can be offset by the calculated information. It was found that permafrost soils are characterized by increased annual heat cycle, the value of which usually exceeds 300 MJ/m 2 . This is due to the high heat consumption for the phase transformation of moisture, a portion of which always exceeds half of the annual heat cycle. It was shown that the ratio of elementary heat flows in frozen (Q F ) and thawed (Q H ) soil in permafrost regions always meets the condition Q F > Q H , i.e., the heat cycle of a cold period more than a warm period. This condition is the basis of the fundamental indicator of the cryolithozone-negative average annual soil temperature and the difference in Q F -Q H -energy assessments of excess layers of potential seasonal freezing over the layer of actual thawing. For the evaluation of soil resistance, we developed the statistical scale of Q F /Q H .
